Use of the lowest possible cuff inflation pressure should minimize the pathogenic effects of compression beneath the pneumatic tourniquet. Curved tourniquets (designed to fit conically shaped limbs) and wider tourniquets were associated with significantly lower arterial occlusion pressure (AOP) than standard, straight tourniquets on the arms and legs of 26 normal volunteers. These tourniquets were used with an integrated tourniquet inflation system in 29 upper-extremity and 31 lower-extremity surgeries. Mean tourniquet inflation pressures of 183.7 mm Hg and 208 mm Hg were used during various surgical procedures of the arm and leg, respectively. Incomplete hemostasis was associated with elevated sys-
tolic blood pressure in several cases, but acceptable surgical hemostasis was achieved by incremental increase of the cuff inflation pressure. Curved cuffs, wide cuffs, and an integrated cuff inflation system should facilitate the use of lower tourniquet inflation pressures in extremity surgery.
Pneumatic tourniquets are used commonly to produce a bloodless field in extremity surgery. Nerve and muscle injury tend to be greater beneath the tourniquet than distal to it, because of the combined effects of compression and local ischemia.I9 Use of the lowest possible tourniquet inflation pressure should minimize injury caused by direct mechanical deformation of musculoskeletal soft tissues.
Tourniquet design affects the minimum cuff pressure needed to occlude pulsatile arterial flow. Standard, straight (i.e., rectangular) tourniquets are designed to fit optimally on cylindrically shaped limbs. Human limbs may be conical in shape, however, particularly in extremely muscular or obese individuals. 22 Recently, curved tourniquets specifically designed to fit conical limbs have been introduced for clinical use. On the conically shaped rabbit thigh, a curved tourniquet occludes pulsatile arterial flow with lower inflation pressures than a straight cuff of equal width." Wide tourniquets occlude blood flow at lower pressures than narrow tourniquets on upper and lower extrernitie~.~.'~~'~
The purposes of the current study were to assess the minimum cuff pressure needed to occlude arterial blood flow using curved and straight tourniquets on healthy volunteers and to develop techniques to facilitate lower cuff inflation pressures in extremity surgery.
MATERIALS AND METHODS
The study included 26 normal volunteers (1 6 female, ten male), with a mean age of28.4 years of age (range, 15-43), and 60 patients (57 men, three women), mean age 48 years (range, 23-79). Study protocols were approved by the Human Subjects Committee of the authors' institutions. Subjects gave informed consent before the study.
All subjects were positioned supine. Systolic blood pressure was either determined by auscultatory technique using a standard blood pressure cuff on the right upper arm, or this information was provided by an anesthesiologist. Limb circumference was measured at the longitudinal midposition of the various tourniquet cuffs. In the volunteer studies, the tourniquet was wrapped directly around the limb. In some patients, soft cotton roll was applied beneath the tourniquet, according to the surgeon's preference.
NORMAL VOLUNTEERS
Part I: Comparison of8-cm-Wide Curved and 8-cm-Wide Straight Tourniquets on the Lower Extremity. In random order, a standard, straight operating room tourniquet (8 cm wide) or a curved tourniquet (8 cm wide; radius of curvature, 132 cm) was applied to the right thigh of 14 normal volunteers. The tourniquet was connected to a Kidde tourniquet inflator (W. Kidde, Bloomfield, New Jersey), which was connected in parallel to a calibrated pressure transducer (HP 1280, Hewlett Packard, San Diego, California) and chart recorder (HP 7754A). A Doppler flow meter (Model 806-A, Parks Electronics, Beaverton, Oregon) was positioned over the posterior tibia1 artery, and auditory output was monitored by a single observer. A pulse oximeter (Biox 3700, Ohmeda, Boulder, Colorado) was placed on the pad of the middle digit of the foot, and output was recorded using the chart recorder. The tourniquet was slowly inflated to the arterial occlusion pressure (AOP), which was defined as the minimum cuffpressure needed to occlude distal pulsatile arterial flow. The Doppler AOP (D-AOP) was defined as the lowest cuff pressure to eliminate audible pulsations. The oximeter AOP (0-AOP) was determined directly from simultaneous chart recording of cuff inflation pressure and oximeter output. The mean of three sequential determinations was defined as the AOP for each cuff.
Part 2: Comparison of8-cm-Wide Curved and Straight Tourniquets on Upper Extremities, and of 8-cm-Wide and 12-cm-Wide Curved Tourniquets on Lower Extremities. In random order, 8-cmwide straight and 8-cm-wide curved cuffs were applied to the left upper arm, and 8-cm-wide curved and 12-cm-wide curved cuffs (radius of curvature, 132 cm) were applied to the left thighs of 12 subjects. The tourniquets were connected to a calibrated tourniquet inflator with a digital pressure display (ATS 1000, Zimmer Aspen Labs, Aspen, Colorado). A photoplethysmograph (PPG) sensor (PPG-13, Vasculab, Mountain View, California) was applied to the middle digital pad, and PPG output was displayed on an oscilloscope (HP 7803, Hewlett Packard). The PPG has been used extensively in the authors' vascular laboratory, and facilitates simple and accurate determination of limb blood pressure. The tourniquet was inflated beyond the AOP, and the pressure was slowly decreased until pulsatile flow resumed (similar to the standard technique for determination of systolic blood pressure). The cuff pressure at which pulsatile flow first resumed was defined as the AOP. The mean of three sequential determinations was defined as the AOP for each cuff.
PATIENT STUDY
Sixty patients who were scheduled to be treated with extremity surgery volunteered for the study. In the upper-extremity cases, patients were randomly assigned to either an 8-cm-wide straight cuff or an 8-cm-wide curved cuff. In the lower-extremity cases, patients were randomly assigned to either an 8-cm-wide straight cuff, an 8-cm-wide curved cuff, or a 12-cm-wide curved cuff.
The digital tourniquet inflator, PPG sensor, and oscilloscope, and the technique for determination ofthe AOP were identical to those described above in normal volunteers. After determination of the AOP, the tourniquet was deflated and the PPG sensor was removed. Limb exsanguination before cuff inflation was performed according to the preference of the operating surgeon. The tourniquet inflation pressure was set at the AOP plus 50 mm Hg for upper-and lower-extremity cases. If the surgeon reported inadequate hemostasis during the operation, the tourniquet pressure was increased in increments of25 rnm Hg until hemostasis was achieved. In these instances, changes in the systemic blood pressure from the initial time of AOP determination were recorded by the anesthesiologist. At the conclusion of the surgery, the type of procedure, method of anesthesia, duration of tourniquet hemostasis, AOP, and maximum tourniquet pressure were recorded. In addition, surgeons were asked to rate subjectively the quality of surgical hemostasis (excellent, good, fair, or poor).
Statistical evaluation consisted of paired t-tests and linear regression analysis. Statistical significance was attributed to a p value less than 0.05. All data are presented as the mean k standard deviation (SD).
RESULTS

NORMAL VOLUNTEERS
Part 1. The 8-cm-wide curved tourniquet occluded blood flow with significantly lower cuff inflation pressure than the straight cuff of equal width on the thighs of volunteers. The difference measured was 25.4 k 16.1 mm Hg and 21.8 2 17.1 mm Hg using the Doppler and oximeter techniques, respectively (paired t-tests, p < 0.00 1 both comparisons, Fig. 1) . Overall, the mean AOP difference between the two measuring techniques was 5.9 mm Hg, with significant positive correlation between D-AOP and 0-AOP. There was significant positive correlation between AOP and thigh circumference (TC) for both the curved tourniquet (D-AOP = 6. 3). The mean systolic blood pressure in these volunteers was 125.6 mm Hg (range, 100-154 mm Hg), the mean upper-extremity circumference was 27.8 cm (range, 23-33 cm), and the mean lower-extremity circumference was 52.7 cm (range, 45-59 cm).
PATIENT STUDY
Data for the upper-and lower-extremity procedures are presented in Tables 1 and 2 
FIG.
3. AOP in 12 volunteers using the PPG technique. In the upper extremities, there was a small but statistically significant difference between the 8-cm-wide curved cuff and the 8-cmwide straight cuff. In the lower extremities, the wider curved cuff occluded blood flow at significantly lower inflation pressures than the narrower curved cuff.
Hg (range, 160-280 mm Hg). Hemostasis was rated fair or poor in ten cases. Five of these cases were associated with an increased systolic blood pressure after AOP determination.
DISCUSSION
Catastrophic complications, such as permanent neurologic injury, are rare with presentday use of pneumatic tourniquet^.','^,^^ Some nerve palsies may be secondary to faulty pressure gauges causing excessive tourniquet inflation pressures.'X2* Other significant complications, however, may be related to tourniquet use. Postoperative weakness, edema, stiffness, dysesthesia, and pain may be falsely attributed to surgical trauma or to lack of patient motivation if the clinician does not have an adequate index of suspicion of tourniquetrelated neuromuscular injury.' 1,23,24, 27 Randomized, prospective studies demonstrated electromyographic (EMG) abnormalities in 70% of lower extremities and in 77% of upper extremities surgically treated with a "routine" pneumatic tourniquet, compared with an incidence of 0% and 3.4%, respectively, in cases performed without the tourniq~e t .~, "
These neurophysiologic changes may be associated with weakness of the involved extremity and a longer clinical recovery time, with postoperative EMG abnormalities persisting as long as five months in some
The tourniquet induces neuromuscular injury by causing ischemia in the tissues distal to the tourniquet, and by compression and ischemia in tissues beneath the cuff. Various investigators addressed effects of ischemia on muscle and nerve to define a "safe" period of cases.4, 18, 25, 30 tourniquet hemostasis. Nerve and muscle injury are greater beneath than distal to the tourniquet, however, because ofthe combination of mechanical deformation and ischemia beneath the tourniquet.'' Some investigators suggest use of the lowest possible tourniquet inflation pressure to minimize direct mechanical d e f~r m a t i o n .~. '~-~~-~~ Recommendations have evolved regarding the optimal tourniquet inflation pressure for a given surgical procedure. Some authors advise arbitrary pressures of 350 to 500 mm Hg for lower-extremity cases2' and 250 to 300 mm Hg for upper-extremity cases.6 Others recommend twice the systolic blood pressure,' or systolic blood pressure plus 30 to 100 mm Hg.14. 26 The cuff pressure needed to occlude arterial flow, however, is affected by factors such as systolic blood pre~sure,~' limb cir~urnference,~~l~~~' limb shape and local anatomy,22 vascular status,'3l0 and the width of the applied t~u r n i q u e t .~.~~.~' Some investigators recommend setting the tourniquet pressure according to a direct determination of the minimum cuff pressure needed to occlude blood flow. 21 Standard ( i e . , rectangular) tourniquets are designed to fit optimally on cylindrically shaped limbs (Fig. 4) , but human limbs may be conical, which can result in poor cuff fit or displacement of the cuff with The curved tourniquet was designed to tit the conically shaped human thigh. and is particularly convenient to apply on extremely niuscular or obese individuals (Fig. 4) . It should be noted, however, that relatively uniform, longitudinal tissue pressure distribution was recorded beneath straight tourniquets on human anatomic specimen and on conical dog thighs.14 Specific biomechanical differences between curved and straight tourniquets are unknown.'"
The curved tourniquet occludes blood tlow at a lower inflation pressure than a straight cuff of equal width, which may be attributable t o better cuff tit and more efficient transmission of pressure t o the deep tissues."'This difference was greater in the lower-extremity studies. which probably reflects the more conical shape o f t h e thigh compared with the upper arm. An improved fit may cause increased contact area between the cuffand the skin. particularly at the distal cuff margin, making the curved cuff effectively a slightly wider tourniquet. Alternatively. the difference between the two cuffs may relate to the materials used for tourniquet construction, because the curved cuffs contain a stiffer reinforcing material exterior to the inflatable bladder than standard straight tourniquets.
Wide tourniquets occlude blood flow at lower pressures than narrow tourniquets on human arms and legs, which may be related to more efficient pressure transmission to the deeper tissues with a wider cuff.l I n the current study. a wide curved tourniquet occluded blood flow at a significantly lower pressure than a narrower curved tourniquet.
Pilot studies suggest that a wider curvcd cuff (for example. 15 cni) is associated with an even lower AOP. This cuffcould be used during some lower-extremity procedures, particularly when knee exposure is not required.
The clinical technique described for determination o f the AOP is similar to measurement of systolic blood pressure by auscultatory methods. This procedure requires less than five minutes to complete before surgery. The AOP determined by slow cuff-inflationto-pulse-cessation should be the same as that determined by slow cuff deflation until flow resumes.' Either technique could be used with diagnostic equipment such as a Doppler flow nicter. a PPG sensor, o r pulse oximeter. which may be readily available in the operating room.
Toui-niquct pressure was set at A O P plus SO m m Hg in the current study. Reid (11 (I/.," using standard tourniquets and a Ilopplcr tlow meter, noted cases of inadequate hcmostasis during lower-extremity surgeries using this formula. Better hemostasis was rchieved when the AOP plus 75 nim Hg was used for the lower extremities. In the current study. half of the cases with inadequate hemostasis had increased blood pressure after AOP determination, which wits performed just after induction of anesthcsia. This blood pressure change may relate to surgical stimulation or to fluid administration. Adding 75 nim Hg to the AOP may decrease the incidence ofinade-quate hemostasis during lower-extremity procedures. Arterial occlusion pressure could also be determined before induction of anesthesia (k., before a drop in blood pressure), although this procedure may be somewhat painful. Tourniquet pressure may be adjusted during surgery according to changes in blood pressure, and adaptive tourniquet systems are described for this p~r p o s e . '~ CONCLUSION Curved and wide tourniquets occlude blood flow at lower inflation pressures than straight and narrower cuffs, respectively. The choice of tourniquet cuff width and shape should be individualized, taking into consideration the size and shape of the patient's limb and the specific demands of the operative procedure. An integrated cuff inflation system allows for direct determination of the AOP. Perhaps lower pressures could prolong the "safe" period of tourniquet compression. Because little information is available regarding pressure-time thresholds of neuromuscular injury in human^,^^'^ it is difficult to predict specific effects of a small decrease in cuff inflation pressure. Recent experimental studies" suggest that the magnitude of skeletal muscle injury beneath the tourniquet is related to complex interaction of the cuff pressure and duration. It seems logical to apply the lowest possible cuff inflation pressure to minimize neuromuscular injury induced by the pneumatic tourniquet.
